Mutants exhibiting alcohol oxidase (EC 1.1.3.13) activity when grown on glucose in the presence of methanol were found among 2-deoxyglucose-resistant mutants derived from a methanol yeast, Candida boidinii A5. One of these mutants, strain ADU-15, showed the highest alcohol oxidase activity in glucose-containing medium. The growth characteristics and also the induction and degradation of alcohol oxidase were compared with the parent strain and mutant strain ADU-15. In the parent strain, initiation of alcohol oxidase synthesis was delayed by the addition of 0.5% glucose to the methanol medium, whereas it was not delayed in mutant strain ADU-15. This showed that alcohol oxidase underwent repression by glucose. On the other hand, degradation of alcohol oxidase after transfer of the cells from methanol to glucose medium (catabolite inactivation) was observed to proceed at similar rates in parent and ntutant strains. The results of immunochemical titration experiments suggest that catabolite inactivation of alcohol oxidase is coupled with a quantitative change in the enzyme. Mutant strain ADU-15 was proved to be a catabolite repression-insensitive mutant and to produce alcohol oxidase in the presence of glucose. However, it was not an overproducer of alcohol oxidase and, in both the parent and mutant strains, alcohol oxidase was completely repressed by ethanol.
Previously, we reported formaldehyde production with a methanol yeast exhibiting high alcohol oxidase (EC 1.1.3.13) activity (15, 17, 18) . Alcohol oxidase activity is strongly enhanced by methanol as a growth substrate and reduced by glucose. However, the growth yield on methanol is lower than that on glucose.
Several investigations (4, 6, 14, 19) on alcohol oxidase regulation revealed that alcohol oxidase activity is reduced by glucose through two regulation mechanisms, i.e., catabolite repression and catabolite inactivation. The former involves the control of enzyme synthesis and the latter involves the inactivation or degradation of the enzyme. The regulation of alcohol oxidase synthesis was shown to be controlled at the level of transcription (13) . However, there have been only a few reports on the repression of alcohol oxidase synthesis by glucose (6, 14) . Although catabolite repression in yeasts has been a well-known phenomenon for a long time, the mechanism involved remains unknown.
The alternative mechanism for the control of alcohol oxidase activity by glucose, i.e., selective inactivation of alcohol oxidase, was observed when methanol-grown yeast cells were transferred to glucose-or ethanol-containing medium. Holzer (8) proposed the name "catabolite inactivation" for this phenomenon of glucose-induced inactivation of enzymes in yeasts. Although catabolite inactivation could involve such processes as limited or total proteolysis, enzyme-catalyzed covalent modifications, or effector-dependent changes in the conformation of the quarternary structure, the details of the molecular or regulatory mechanism involved are unknown (9 In the present work, we derived a mutant strain, ADU-15, which produced alcohol oxidase in the presence of glucose, from a methanol yeast, Candida boidinii A5, in an attempt to obtain catalytic cells for formaldehyde production with a high cell yield in a methanol-glucose medium. Alcohol oxidase synthesis in the methanol-glucose medium and selective inactivation after transfer from methanol medium to glucose medium were followed by immunotitration with cells of the parent strain and mutant strain ADU-15. Mutant strain ADU-15 was proved to be insensitive to repression of alcohol oxidase synthesis by glucose when compared with the parent strain. The regulation of alcohol oxidase activity by glucose (catabolite repression and catabolite inactivation) was also investigated.
MATERIALS AND METHODS Organisms. About 100 strains which utilize methanol as a sole carbon source were isolated from natural sources. C. boidinii A5 FERM P-8671 was used as the parent strain for the derivation of mutants. FERM refers to the type culture collection of the Fermentation Research Institute, Tsukuba, Japan. This strain was able to produce 900 mM formaldehyde from 3 M methanol under previously established reaction conditions (15, 18) and was selected as the parent strain for mutagenesis.
Media and culture conditions. The synthetic medium used as the basal medium was essentially that of Egli and Fiechter (7) , except that the initial pH was 6.0 and meso-inositol, pantothenate, and pyridoxine were omitted. To this basal medium, 0.5% (wt/vol) glucose, 0.5% methanol, 0.5% glucose plus 0.5% methanol, and 0.5% ethanol were added as carbon sources for the G, M, GM, and E media, respectively. The GL, ML, GLM, and GLML media contained 1% glucose, 1% methanol, 1% glucose plus 0.5% methanol, and 1% glucose plus 1% methanol, respectively. The GI, MI, and FIG. 1 . Visualization of alcohol oxidase activity in colonies of C. boidinii A5. 2-Deoxyglucose-resistant mutants were grown on an M-medium (A) or a GLM medium (B) plate. Colonies with alcohol oxidase activity showed a green color.
GMI media were the G, M, and GM media without vitamins. Cells were cultivated in a 500-ml shaking flask at 28°C as described previously (18) .
Mutagenesis and isolation of mutants. C. boidinii A5 was mutagenized with N-methyl-N'-nitro-N-nitrosoguanidine or UV light as described previously (17) and then spread on an M-medium plate containing 0.01% 2-deoxyglucose. Resistant mutants were replicated onto a GLM medium plate for mutant screening because mutants with higher derepressed levels of alcohol oxidase were expected on plates containing higher glucose concentrations. After incubation at 28°C overnight, alcohol oxidase activity was visualized in colonies as described below. Mutants which showed a green color were cultivated on MLGL medium, collected in the exponential growth phase, when both glucose and methanol remained, and then subjected to the alcohol oxidase assay.
Visualization method for alcohol oxidase activity in colonies. Cells grown on a GLM medium plate were replicaplated onto filter paper (Whatman no. 42; 7.5 cm) which was slightly wetted with 0.1 M potassium phosphate buffer, pH 7.5. A detergent solution (0.1% cetyldimethylbenzylammonium chloride; Nippon Oil & Fats Co., Ltd.) was sprayed over the filter paper with the replicated colonies. The paper was then placed on a Buchner funnel under gentle suction to change the permeability of the cells. Then the alcohol oxidase assay mixture (17) containing 2,2'-diazino-(3-ethylbenzthiazolinesulfonic acid-6) as an electron acceptor was sprayed on. After incubation at 28°C for about 5 min, colonies with alcohol oxidase activity turned green (Fig. 1) . Without the detergent treatment or when the cells did not exhibit alcohol oxidase activity, colonies did not show any color formation.
Enzyme assays. Cell-free extracts were prepared with glass beads for studies on the induction or degradation of the enzyme, as described previously (12, 17) , or by sonication (17) . Alcohol oxidase activity was assayed by determining the amount of hydrogen peroxide formed (17) . Catalase activity was assayed by the method of Bergmeyer (1) .
Analytical procedures. Methanol was assayed by gas-liquid chromatography as described previously (18) . Glucose was determined with a glucose oxidase kit (Wako Chemical Co., Ltd.). Protein was determined with a protein assay kit (Bio-Rad Laboratories).
Immunological assays. Antibody against the alcohol oxidase of C. boidinii 2201 was raised in a rabbit, prepared essentially as described previously (16) , and then stored at -800C.
RESULTS
Isolation of mutants having alcohol oxidase in the presence of glucose. Among the approximately 20,000 2-deoxyglucoseresistant colonies obtained (presumed glucose-derepressed mutants), 7 mutants which showed alcohol oxidase activity in the presence of glucose were selected with the screening method described in Materials and Methods (Table 1) . When the parent strain was grown on GM medium, it showed no alcohol oxidase activity and its catalase activity was repressed. The mutants listed in Table 1 all showed induced levels of catalase in addition to alcohol oxidase in the presence of glucose. Mutant strain ADU-15 was subjected to further investigation because it showed the highest level of alcohol oxidase of the seven isolated strains grown on GM medium.
Growth characteristics of the parent strain and mutant strain ADU-15. Growth characteristics of the parent strain ( Fig. 2A) in a protein cross-reactive with the antibody against alcohol oxidase ( Fig. 3A and C and 4) . When 0.7% cycloheximide was added to the medium, alcohol oxidase activity was not seen. This showed that the alcohol oxidase protein was newly synthesized after transfer from E medium to MI or GMI medium. In the parent strain, initiation of alcohol oxidase synthesis was delayed by 5 h with the addition of 0.5% glucose to the methanol medium (Fig. 3A) . In contrast, this lag period was not observed in mutant strain ADU-15 (Fig. 3C) . These results show that mutant strain ADU-15 is insensitive to repression of alcohol oxidase synthesis by glucose compared with the parent strain. However, distinct differences could not be detected in the appearance of catalase activity between the parent strain and mutant strain ADU-15. A prolonged lag phase for the appearance of catalase activity due to glucose was not observed in either strain ( Fig. 3B and D) . Catalase activity always appeared earlier than initiation of alcohol oxidase synthesis in each case.
Because glucose could be used for additional carbon and energy sources to synthesize the enzymes, the total activity of alcohol oxidase as well as catalase induced in both strains was higher when cells were grown on mixed substrates than on methanol alone (Fig. 3) . Substrate utilization and cell growth during the enzyme induction are shown in Fig. 5 . In the parent strain, methanol began to decrease at an earlier stage in MI medium than in GMI medium (Fig. 5A) . On the other hand, in mutant strain ADU-15 (Fig. SB) , definite differences in methanol consumption were not observed between MI and GMI media. Glucose consumption in GMI medium was somewhat retarded in strain ADU-15 compared with the parent strain.
Catabolite inactivation of alcohol oxidase. After growth on ML medium, cells were transferred to GI medium (Fig. 6) . Alcohol oxidase activity is expressed as units per milliliter of medium to distinguish the true inactivation of alcohol oxidase from the apparent decrease in activity caused by cell growth. In both the parent and mutant strains, alcohol oxidase activity (Fig. 6A and D) decreased much faster than the decrease in total protein or the increase in cell density ( Fig. 6B and E) . After 11 h of incubation in GI medium, alcohol oxidase activity in the parent strain was reduced to about 15%, while formaldehyde dehydrogenase activity was reduced only to 75%. Therefore, the decrease in alcohol oxidase activity seems to be due to selective inactivation of this enzyme rather than to the apparent dilution of the enzyme caused by the increase in cell mass. The apparent rate of inactivation was the same for both strains ( aCells were grown on GM medium and harvested at the exponential phase. Enzyme activities were assayed as described in Materials and Methods. OD610, Optical density at 610 nm. After overnight incubation, the precipitate was removed by centrifugation and then alcohol oxidase activity in the supernatant was measured. From the titration curve obtained, the immunological activity of each crude extract was estimated and expressed as the minimum amount of antibody with which enzyme activity was completely lost. and D). This inactivation was not inhibited by 0.7% cycloheximide, but was inhibited by KCN (6 mM) in both strains. Thus, de novo protein synthesis does not seem to be essential, but energy apparently is required for this selective inactivation of alochol oxidase.
The decrease in alcohol oxidase activity on catabolite inactivation was immunotitrated by using antibody against C. boidinii 2201 alcohol oxidase. In both the parent strain and mutant strain ADU-15, a decrease in the protein crossreactive with the antibody against alcohol oxidase was observed ( Fig. 6C and F) . Thus, the catabolite inactivation is coupled with a decrease in the alcohol oxidase protein.
Definite differences in the degradation rate, sensitivity to glucose, or qualitative changes in the enzyme were not detected between the parent and mutant strain ADU-15.
From these results, we concluded that mutant strain ADU-15 was impaired only in catabolite repression, affecting alcohol oxidase synthesis, and not in catabolite inactivation.
Effect of growth substrates on alcohol oxidase and catalase. To investigate the insensitivity to catabolite repression of alcohol oxidase in mutant strain ADU-15, the parent and mutant strains were grown on several growth substrates with or without methanol. Cells were harvested when the cell density (optical density at 610 nm) reached ca. 2.0, when some of the growth substrate other than methanol remained. The alcohol oxidase and catalase activities in cells were assayed ( Table 2 ). The parent strain showed alcohol oxidase activity when grown on methanol, glycerol, or methanol plus glycerol. The activity was not detected with other growth substrates. This showed that methanol itself may not be an essential factor for the expression of alcohol oxidase.
When cells were grown on methanol alone, mutant strain ADU-15 showed less alcohol oxidase activity than the parent strain. Thus, the mutant strain might not be specifically derepressed for alcohol oxidase. Furthermore, the mutant strain exhibited alcohol oxidase activity when grown on glycerol and even when grown on glucose alone. It can be concluded that repression of alcohol oxidase by glucose was released in mutant strain ADU-15. Cells of both strains grown on ethanol, or on ethanol plus methanol, exhibited no alcohol oxidase activity. Thus, repression of alcohol oxidase by ethanol was not recovered in mutant strain ADU-15.
The level of catalase activity always paralleled that of alcohol oxidase, except that mutant strain ADU-15 grown on glucose plus methanol had a lower level of catalase and a higher level of alcohol oxidase than cells grown on methanol alone.
DISCUSSION
When cells were grown on methanol alone, mutant strain ADU-15 did not exhibit a derepressed level of alcohol oxidase compared with the parent strain, but rather showed lower alcohol oxidase activity (Table 2) . Only when the mutant strain was grown on methanol plus glucose was the level of alcohol oxidase the same as in the parent strain grown on methanol. Also, the mutant strain grown on methanol plus glucose did not form as much catalase as the parent strain grown on methanol. These results indicate not that mutant strain ADU-15 is specifically derepressed for alcohol oxidase, but rather that it expresses alcohol oxidase as a result of some deficiency in its glucose metabolism. This is also supported by the fact that glucose is utilized more 0.5(~~~~~~~~~~~~~d ) and relative cell density (-----) during catabolite inactivation of alcohol oxidase. Cells grown on ML medium were transferred to GI medium (0) or GI medium containing 0.7% cycloheximide (0). At zero time, each medium contained cells grown on ML medium at a concentration of 2.5 mg/ml. (C, F) Immunological activity of crude extracts during catabolite inactivation, after transfer to GI medium, was immunotitrated with antibody against alcohol oxidase; immunological activity is expressed as described in the legend to Fig. 4. slowly by the mutant strain than the parent strain ( Fig. 2 and  5 ).
H202 formed during methanol oxidation with alcohol oxidase must be decomposed, as it is highly toxic for cells. Thus, the synthesis of alcohol oxidase must be coupled with the synthesis of catalase and peroxisomes containing both of these enzymes. It is considered that the induction of catalase is indispensable for growth and the expression of alcohol oxidase alone would be lethal. That all mutants exhibiting alcohol oxidase activity in the presence of glucose (Table 1) had an induced level of catalase corresponding to the level of alcohol oxidase activity supports this idea.
Catabolite inactivation of alcohol oxidase in C. boidinii was coupled with the loss of alcohol oxidase protein through proteolysis. This process was not inhibited by cycloheximide. As in the case of inactivation by ethanol (2), de novo protein synthesis, such as proteinase synthesis, is not necessary for the inactivation of alcohol oxidase. Control of proteolysis is thought to occur through various kinds of mechanisms, i.e., changes in the susceptibility of proteins toward proteinases and the activation of specific proteinases controlled by proteinase inhibitors (9) . Katunuma and Kominami reported that the apo forms of several pyridoxal enzymes, such as ornithine aminotransferase, cystathionase, serine dehydratase, and 8-aminolevulinic synthetase, were susceptible to the action of serine proteinases, whereas the holo forms were not (10, 11 Because alcohol oxidase exhibited activity even when cells were grown without methanol, it would be valid to say that methanol is a positive effector rather than an inducer (the latter being indispensable for enzyme synthesis). Ethanol represses alcohol oxidase activity completely in H. polymorpha (5) and C. boidinii (Table 2 ). Alcohol oxidase activity in mutant strain ADU-15 was also completely repressed by ethanol. This suggests that ethanol is a stronger repressor than glucose and that repression of alcohol oxidase by ethanol and that by glucose occur through different mechanisms, although both glucose and ethanol initiate proteolysis of alcohol oxidase.
The visualization method used here to detect cells with alcohol oxidase activity was essentially based on the method of Eggeling and Sahm (6) . They used chitosan for cell permeation. However, chitosan interferes with the enzyme assay, and this treatment takes a long time for permeation and washing (ca. 1 h). If the colonies were not washed completely, positive colonies did not show a green color. The present method is very simple and fast (ca. 5 min), because it only involves the spraying of a detergent solution on replicated colonies. Because the detergent solution is not inhibitory toward alcohol oxidase, the detergent method does not involve washing; also, the permeation is very efficient, and the concentration of 2,2'-diazino-(3-ethylbenzthiazolinesulfonic acid-6) required is the normal enzyme assay level (0.7 mM), which is much lower than with the chitosan method (33 mM). Another merit of this method is that it can be used for the detection of enzyme activity in traced cells from a normal agar plate (it is not necessary to grow colonies on filter paper), and it is possible to follow the process of catabolite inactivation on one plate (17) . Also, this method can be applied to the detection of formaldehyde dehydrogenase as an alternative to the chitosan method. This visualization method coupled with derivation of 2-deoxyglucose-resistant mutants (20) enabled the effective isolation of catabolite repression-insensitive mutants which exhibited alcohol oxidase activity in the presence of glucose.
To evaluate formaldehyde productivity, cells should be grown in a chemostat culture (15) . Under chemostat conditions, alcohoi oxidase activity in glucose-methanol medium was higher than that in glycerol-methanol medium (Y. Tani, T. Sawai, and Y. Sakai, submitted for publication). Thus, the high cell yield and high alcohol oxidase activity with mixed substrates of mutant strain ADU-15 would be advantageous for formaldehyde production
